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Mycobacterium tuberculosis (MTB) expresses a set
of genes known as the dormancy regulon in vivo.
These genes are expressed in vitro in response to ni-
tric oxide (NO) or hypoxia, conditions used to model
MTB persistence in latent infection. Although NO,
a macrophage product that inhibits respiration, and
hypoxia are likely triggers in vivo, additional cues
could activate thedormancy regulonduring infection.
Here, we show that MTB infection stimulates expres-
sion of heme oxygenase (HO-1) bymacrophages and
that the gaseous product of this enzyme, carbon
monoxide (CO), activates expression of the dor-
mancy regulon. Deletion of macrophage HO-1 re-
duced expression of the dormancy regulon. Further-
more, we show that the MTB DosS/DosT/DosR
two-component sensory relay system is required for
the response to CO. Together, these findings demon-
strate thatMTBsensesCOduringmacrophage infec-
tion. COmay represent a general cue used by patho-
gens to sense and adapt to the host environment.
INTRODUCTION
Within pulmonary macrophages and human granulomas,Myco-
bacterium tuberculosis (MTB) is exposed to an environment that
is thought to include both diminished oxygen (O2) and increased
nitric oxide (NO) concentrations (Gomez and McKinney, 2004).
In vitro, each of these stimuli initiates ametabolic shift into a state
that mimics the dormant phase of mycobacterial infection
(Wayne and Sohaskey, 2001). However, granuloma from chron-
ically infected mice appear aerobic (Tsai et al., 2006), and
whether the oxygen concentration is significantly diminished
within human granuloma is unknown. Likewise, while human tu-
berculous lesions express inducible nitric oxide synthase (NOS2)
and stain for nitrotyrosine (an end-product of NOS2 activity)
(Nathan, 2006), the concentration of NO within human granu-
loma during latency remains unclear.
Despite the uncertainty about the precise stimuli that stimulate
MTB to enter a dormant state during human infection, recent
work has shown convincingly that, in vitro, both hypoxia (Desjar-
din et al., 2001; Florczyk et al., 2001; Kendall et al., 2004a; Rob-erts et al., 2004a; Voskuil et al., 2004) and NO (Ohno et al., 2003;
Purkayastha et al., 2002; Voskuil et al., 2003) induce 50 genes
known as the dormancy regulon (Voskuil et al., 2003). Many of
the genes of the dormancy regulon have unknown functions,
but some genes have been characterized, including an electron
transporter, ferredoxin (fdxA) (Ricagno et al., 2007), a heat shock
protein, a-crystallin (hspX or acr) (Hu et al., 2006), and an operon
involved in nitrite and nitrate reduction, narK2X (Sohaskey and
Wayne, 2003).
In interferon-g-activated murine macrophages, NO is critical
for inducing the MTB dormancy regulon since induction of the
regulon is greatly reduced within NOS2-deficient macrophages
(Schnappinger et al., 2003). In contrast, in human monocyte-de-
rived macrophages and dendritic cells, the MTB dormancy reg-
ulon is induced during infection despite the absence of NOS2 in-
duction (Tailleux et al., 2008), implying that an alternative signal
exists within infected human phagocytes. Finally, expression of
several of the dormancy regulon genes has been detected dur-
ing mouse (Talaat et al., 2004; Timm et al., 2003), guinea pig
(Sharma et al., 2006), and human infections (Fenhalls et al.,
2002a, 2002b; Timm et al., 2003), suggesting that the dormancy
regulon is truly induced in vivo.
The dormancy regulon is activated by the DosS-DosR (also
known as DevS-DevR) two-component system (Roberts et al.,
2004a;Saini et al., 2004),wheredosS (Rv3032c)encodesasensor
kinase and is adjacent to the gene encoding its cognate response
regulator dosR (Rv3033c). Another distantly located gene called
dosT (Rv2027) encodes a sensor kinase homologous to dosS
that also is capable of activating the dormancy regulon (Roberts
et al., 2004a). However, whether DosS/T/R-mediated induction
of the dormancy regulon is vital for survival of MTB in vivo is un-
clear. In studies usingMycobacterium bovisBCG, a dosRmutant
died after oxygen starvation-induced termination of growth
in vitro (Boon and Dick, 2002). Using MTB, three studies from
different labs have yielded conflicting results. In a SCID mouse
model of MTB infection, a dosRmutant was hypervirulent (Parish
et al., 2003). In contrast, adosRmutantwasattenuated inaguinea
pigmodel ofMTB infection (Malhotra et al., 2004). Finally, a recent
study found that a dosR mutant had no virulence defect during
wild-typemouse infection (Rustad et al., 2008).Why these exper-
imentsdiffer sogreatly in their results is unknown,but thedifferent
animal models used is likely one explanation.
Recent in vitro work has revealed the biochemical mechanism
of NO and O2 sensing by recombinant DosS and DosT. Both
DosS and DosT bind heme via their N-terminal GAF domainCell Host & Microbe 3, 323–330, May 2008 ª2008 Elsevier Inc. 323
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Sousa et al., 2007; Yukl et al., 2007) and bind NO, O2, and carbon
monoxide (CO) (Ioanoviciu et al., 2007; Sousa et al., 2007). DosS
and DosT are proposed to function primarily as O2 or redox
sensors (Kumar et al., 2007; Sousa et al., 2007), yet both NO
and CO also stimulate sensor kinase activity and have dissocia-
tion constants that are 100-fold lower thanO2 (Sousa et al., 2007).
Humans and mice produce CO via the enzyme heme oxygen-
ase (HO) (Sjostrand, 1951), which catalyzes the degradation of
heme into biliverdin, iron, and carbon monoxide in a reaction
requiring O2 and NADPH (Maines, 2004). Of the two HO genes,
HO-1 is primarily expressed within alveolar, liver, and spleen
macrophages and is induced by inflammatory mediators such
as lipopolysaccharide, tumor necrosis factor (TNF), interleukin-1,
and oxidative stress (Slebos et al., 2003). Humans typically ex-
hale 1 to 2 parts per million (ppm) of CO, while individuals with
asthma, bronchiectasis, cystic fibrosis, and respiratory tract
infection exhale significantly more CO (up to 20 ppm) due to
increased HO-1 expression (Slebos et al., 2003). Moreover, CO
levels in long-term smokers are as high as 60 ppm (Wald et al.,
1981). By comparison, humans exhale 6 parts per billion
(ppb) of NO, which increases to 16 ppb in individuals with ac-
tive tuberculosis (Wang et al., 1998).
To date, no studies have been performed on the CO concen-
tration in exhaled air from individuals with tuberculosis. How-
ever, since (1) a variety of TNF-dependent inflammatory condi-
tions result in increased HO-1 expression and CO production,
(2) MTB evokes a strong, TNF-mediated inflammatory response
frommacrophages, and (3) CO-dependent transcriptional adap-
tation has been observed in both eukaryotes and prokaryotes
(Gilles-Gonzalez and Gonzalez, 2005; Roberts et al., 2004b),
we hypothesized that MTB infection would induce host HO-1
and that in response to HO-1-derived CO, MTB would alter its
transcriptome.
RESULTS
Heme Oxygenase Is Induced in Macrophages and Mice
by MTB Infection
MTB infection of macrophages induces expression of a large
number of host genes (Kendall et al., 2004b; Schnappinger
et al., 2003; Tailleux et al., 2008; Talaat et al., 2004). In prelimi-
nary experiments, we monitored the transcriptional response
of murine bone marrow-derived macrophages to MTB infection
by microarray. In these infections, HO-1 was induced 3.5-fold
in naive macrophages by 8 hr after infection, dropping to 2-
fold by 24 hr (Figure 1A). Western blotting with antibodies spe-
cific for HO-1 demonstrated that MTB infection induced HO-1
in naive macrophages 24 hr after infection (Figure 1B). To deter-
mine if HO-1 is expressed in vivo, we infected mice and assayed
for HO-1 expression by immunohistochemistry (Figure 1C).
HO-1 accumulated robustly in both liver and lung granuloma
and also in resident Kupffer and alveolar macrophages, respec-
tively. Immunohistochemistry with secondary antibody alone did
not demonstrate HO-1 staining (Figure S1 available online), and
staining of uninfected lung showed minimal HO-1 expression
within pulmonary epithelium (Figure S1). To confirm the success
of the infection, we stained liver sections for acid-fast bacilli
(AFB) and found that infected livers displayed numerous AFB324 Cell Host & Microbe 3, 323–330, May 2008 ª2008 Elsevier Inc.(Figure S1). Thus, HO-1 is expressed within macrophages during
an MTB infection both ex vivo and in vivo.
Carbon Monoxide Induces the MTB Dormancy Regulon
Given the marked induction of HO-1 in infected tissue, we rea-
soned that MTB might sense CO or one of the other products
of the enzyme. To test this, we used microarrays to probe the
transcriptional response of MTB to each of the products of
HO-1 individually. In preliminary experiments with high concen-
trations, microarray profiling demonstrated that exposure of
MTB to CO, but not to biliverdin or iron, led to transcriptional in-
duction of theMTBdormancy regulon in amanner similar to nitric
oxide (Figures S2 and S3). Biliverdin induced a very small num-
ber of genes of unknown function, while exposure to iron re-
sulted in the regulation of 40 genes, none of which overlapped
with the CO response (data not shown).
Furthermicroarray profilingwith lower COconcentrations dem-
onstrated that exposure of MTB to CO led to a dose-dependent
Figure 1. Heme Oxygenase Is Induced in Macrophages and Mice by
MTB Infection
(A) Naive bone marrow-derived macrophages were infected with MTB, and
global macrophage gene expression was determined by microarray. Each
time point (Cy5) was compared to a pooled reference (Cy3) and normalized
to time zero. Shown is the average response of mouse HO-1 from four inde-
pendent experiments. Scale bar indicates the mean of the log ratio (635/
532). One-way ANOVA resulted in a p value of <0.0001, and comparison of
time 0 with 4, 8, 16, and 24 hr yielded p values < 0.05 for all comparisons.
(B) Naive macrophages were either mock treated () or infected with MTB (+),
and HO-1 accumulation was determined by western blotting with polyclonal
anti-HO-1 antibodies and anti-GAPDH antibody as loading control.
(C) BALB/c mice were infected with MTB by IV injection, and organs were har-
vested after 10 days. Paraffin sections were incubated with rabbit anti-HO-1
antibodies followed by biotinylated goat anti-rabbit antibody and DAB stain-
ing, which stains positive cells brown. Cells were counterstained with hema-
toxylin. Arrows indicate Kupffer cells (3) and alveolar macrophages (4). Scale
bars, 200 mm (1 and 2) or 50 mm (3 and 4).
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we analyzed two canonical dormancy response genes fdxA and
hspX by qPCR, we found that at high concentrations (i.e.,
R2000 ppm, dissolved CO R1.6 mM), both genes were signifi-
cantly induced as determined by both microarray (Figure 2A)
and qPCR (Figure 2B). We also found that these genes were in-
duced at lower, physiologic concentrations of CO (i.e., 20 ppm,
dissolved CO 16 nM) with a mean induction for fdxA of 2.6 (range
1.5 to 5.3, SD1.8, n = 7). As additional confirmation of the ability of
MTB to respond toCO,MTBbearing a reporter construct contain-
ing the hspX promoter upstream of GFP (Purkayastha et al., 2002)
was treated with CO (Figure S4). As we observed by qPCR, 20
ppm (16 nM) CO resulted in activation of the hspX promoter and
subsequent GFP production. Thus, in vitro, CO appears to specif-
ically induce the dormancy regulon at physiologic concentrations.
Effect of CO on MTB Growth In Vitro
Since CO can be toxic to bacteria (Lighthart, 1973; Nobre et al.,
2007; Weigel and Englund, 1975), we grew MTB under aerobic
conditions, but in the presence of increasing concentrations of
CO, and analyzed growth by absorbance (Figure S5). Both mod-
erate concentrations (i.e., 1000 ppm, 800 nM) and high con-
centrations (i.e., 100,000 ppm, 80 mM) were well tolerated by
MTB, although higher concentrations of CO resulted in a slightly
Figure 2. Carbon Monoxide Induces the MTB Dormancy Regulon
In Vitro
(A) MTB growing in vitro was exposed to 20 (16 nM), 200 (160 nM), and 2000
(1.6 mm) ppm of CO gas in the headspace for 48 hr; RNA was harvested;
and gene expression was determined by microarray analysis. CO-treated
MTB samples were labeled with Cy5 (red) and from untreated MTB samples
with Cy3 (green). Green and red spots indicate a gene whose transcription
was repressed or induced at least 2-fold relative to untreated samples in at
least two arrays. Scale bar indicates the mean of the log ratio (635/532).
Two representative experiments of more than four similar experiments are
shown.
(B) Quantitative PCR (qPCR) analysis of two MTB transcripts, fdxA (blue) and
hspX (red), from MTB grown in the presence of CO. Each sample was normal-
ized to 16S RNA as an internal control. Fold induction (±SD) was calculated by
dividing all samples by the untreated sample (CO0 ppm= 1-fold). Data are rep-
resentative of three similar experiments. One-way ANOVA resulted in a p value
of < 0.0001. *p < 0.05, >p < 0.01, and yp < 0.001 compared to time zero.diminished bacterial growth rate (Figure S5). These results sug-
gest that, unlike high NO concentrations (Voskuil et al., 2003),
CO is not directly toxic to MTB.
The MTB Two-Component System DosS/DosT/DosR
Transmits the CO Signal to the Cell
To test the hypothesis that the dosS/dosT/dosR system medi-
ates the CO response, we tested if a strain missing dosR could
respond to CO. In the DdosR mutant, neither NO nor CO could
induce the dormancy regulon, and this effect was rescued by ex-
pression of dosR in single copy (Figure 3A). We then tested the
response of mutants lacking dosS, dosT, or both to high concen-
trations of either CO (20,000 ppm, 16 mM) or NO (100 mM). At
Figure 3. TheMTBDosS/T/R Signal Transduction System Transmits
the CO Signal
(A) MTBwild-type,DdosR, and DdosR compdosRwere treated with DETA-NO
(100 mM) or CO (20,000 ppm, 16 mM) for 60 min. Shown are the genes of the
dormancy regulon only. Scale bar indicates the mean of the log ratio (635/
532). Data are representative of two similar experiments.
(B) MTB wild-type, DdosS, DdosS comp dosS, DdosT, DdosT comp dosT,
DdosS/DdosT, and DdosS/DdosT comp dosT were treated with DETA-NO
(100 mM) or CO (20,000 ppm, 16 mM) for 60 min. Shown are the genes of the
dormancy regulon only. Scale bar indicates the mean of the log ratio (635/
532). Data are representative of two similar experiments.
(C and D) Response of wild-type, DdosS, and DdosTmutants to either DETA-
NO (C) or CO (D) for 3 hr at the indicated doses as determined by qPCR for
fdxA. Each sample was normalized to 16S RNA as an internal control. Fold in-
duction (±SD) was calculated by dividing each experimental sample by the un-
treated sample for its respective genotype. One-way ANOVA resulted in a
p value of < 0.0001 for both (C) and(D). *p < 0.001 versus MTB wild-type at
each CO concentration. Data are representative of two similar experiments.Cell Host & Microbe 3, 323–330, May 2008 ª2008 Elsevier Inc. 325
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induce the dormancy regulon, but the DdosS DdosT double
mutant failed to respond to CO or NO (Figure 3B). To further
characterize the response of the single DdosS and DdosT mu-
tants, we treated individual mutants with lower concentrations
of either CO or NO and found that both dosS and dosT were re-
quired for the complete induction by NO of a representative dor-
mancy gene, fdxA (Figure 3C). In contrast, absence of dosT
markedly enhanced the induction by CO while absence of
dosS diminished the induction of fdxA by CO, even at the highest
CO concentration (Figure 3D). This result demonstrates that
DosS and DosT have distinct functions at physiologically rele-
vant CO concentrations.
Deletion of Macrophage HO-1 Reduces MTB Dormancy
Gene Induction during Infection
Having shown that MTB activates the dormancy regulon in re-
sponse to CO levels comparable to those found in vivo, we
next tested directly if HO-1-derived CO stimulated the pathway
during an actual infection.
Because mouse macrophages activated by interferon-g are
robust producers of NO via NOS2 (Schnappinger et al., 2003)
and large amounts of NO are known to trigger the dormancy reg-
ulon (Schnappinger et al., 2003), we used naive bone marrow
macrophages in these experiments. We compared mycobacte-
rial gene expression in vitro to MTB gene expression within wild-
type macrophages and within macrophages deficient in HO-1
(Yet et al., 1999) or NOS2 (Laubach et al., 1995).When compared
to wild-type macrophages, induction of the MTB dormancy reg-
ulon was modestly reduced within HO-1/ macrophages and
severely reduced in NOS2/macrophages bymicroarray profil-
ing (Figure 4A). Similar results were observed when HO-1 was in-
hibited chemically by tin protoporphyrin (SnPP) in RAW 264.7
mouse macrophages (Figure S6). As expected, both wild-type
and NOS2/ macrophages accumulated HO-1 as determined
by western blotting while no HO-1 accumulation was detected
in HO-1/ macrophages (Figure 4C). Nitrite, an end product of
NOS2 activity detectable in conditioned medium, was produced
equivalently by wild-type and HO-1/macrophages (at 1 mM)
and was undetectable in NOS2/ macrophages (data not
shown). To confirm the microarray results, we analyzed the ex-
pression of three dormancy genes within distinct operons by
qPCR (hspX, fdxA, and Rv2630) and found that for all three
genes, HO-1 deficiency significantly reduced gene expression
withinmacrophages relative to that found inMTB growing in vitro
(Figure 4B). This occurred despite a low level of NO production in
both wild-type and HO-1/ macrophages. Conversely, there
was no induction of the dormancy regulon in NOS2/ macro-
phages (Figures 4A and 4B) despite the presence of HO-1
(Figure 4C), suggesting that low-level NO production is required
for induction of the dormancy regulon that can be modulated by
CO. Taken together, this implies that both HO-1-derived CO and
NOS2-derived NOcombine in naiveMTB-infectedmacrophages
to stimulate induction of the dormancy regulon.
DISCUSSION
Our data suggests thatMTB senses the host inflammatory status
at least in part by measuring and responding to the levels of CO326 Cell Host & Microbe 3, 323–330, May 2008 ª2008 Elsevier Inc.in the macrophage. We propose that as MTB establishes its
latent infection, it initiates a host immune response that includes
both HO-1 and NOS2 production as well as granuloma forma-
tion, thus resulting in exposure of MTB to CO, NO, and dimin-
ished O2. These three gases may then act sequentially, addi-
tively, or synergistically to activate the dormancy regulon via
the sensors DosS and DosT (Figure S7).
In this study, we show that mouse macrophages robustly pro-
duce HO-1 during MTB infection both ex vivo and in vivo.
Whether the stimulus for inducing HO-1 by MTB is directly due
to a mycobacterial product or secondarily due to production of
proinflammatory cytokines is unknown. However, since macro-
phages produce TNF within hours of MTB infection, it seems
likely that HO-1 is induced by TNF. Some studies have shown
that NOS2 activity is required for HO-1 induction (Alcaraz
et al., 2001; Vicente et al., 2001), but these studies were done
using cell lines rather than primary cells. We confirmed that in
RAW cells (a mouse macrophage cell line), NO production is
Figure 4. Absence of Macrophage Heme Oxygenase Reduces MTB
Dormancy Gene Induction
(A) Bone marrow-derived macrophages from wild-type, HO1/, or NOS2/
mice were infected with MTB. Twenty-four hours after infection, macrophages
were lysed, bacterial RNAwas isolated, and amplified antisense RNAwas gen-
erated. Samples were labeled with Cy5, and a pooled reference of all samples
was labeled with Cy3 and hybridized against MTB microarrays. All samples
were normalized by the MTB arrays from WT macrophages. Scale bar indi-
cates the mean of the log ratio (635/532).
(B) aRNA prepared as described above was subjected to qPCR for three MTB
genes of the dormancy regulon: Rv2630, fdxA, and hspX. Genes were normal-
ized to 16S RNA as an internal control. Included for comparison is the gene ex-
pression of MTB growing in vitro. One of two similar experiments is shown.
One way ANOVA gave p values of <0.0001 for all three genes. The asterisk
indicates p < 0.001 compared to WT macrophages.
(C) Bone marrow macrophages were infected as described above, and HO-1
was detected by western blotting after 24 hr of infection.
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contrast, we found that in primary bone marrow-derived macro-
phages, MTB infection induced HO-1 independent of NOS2
activity (Figure 4C).
Although macrophages are likely the major source of CO pro-
duction during infection, HO-1 induction is not limited to this cell
type. Other cells that are associated withMTB infection that have
been shown in other systems to produce HO-1 include pulmo-
nary epithelial cells (Zhou et al., 2004), dendritic cells (Chauveau
et al., 2005), and T cells (Pae et al., 2003). In fact, in the infected
mouse lung, HO-1 staining was also visualized in pulmonary ep-
ithelial cells (Figure 1C). Thus, CO could be produced during in-
fection by infected macrophages and dendritic cells as well as
bystander cells within the granuloma (such as T cells), thus
resulting in higher local concentrations. Likewise, while HO is
thought to be the major source of CO in vivo (Wu and Wang,
2005), a recent study demonstrated that lipid peroxidation in-
duces a cytochrome P450-dependent activity that produces
CO (Archakov et al., 2002). Unfortunately, no studies have
been performed on the CO concentration in exhaled air from in-
dividuals with tuberculosis, and the actual concentration of car-
bon monoxide within macrophages and granuloma is unknown.
However, in olfactory neurons, the effective concentration within
the cell has been determined to be 10–30 mM (Ingi et al., 1996),
which would correspond to a headspace CO concentration of
20,000 ppm (16 mM). CO concentrations of 10–30 mM may
overestimate the true in vivo concentration, but even if the con-
centration is ten times lower inside macrophages or granuloma
(i.e., 1–3 mM), that would still be in the range of 2000 ppm
(1.6 mM).
Systems for sensing carbonmonoxide have been described in
both prokaryotes and eukaryotes (Ascenzi et al., 2004; Roberts
et al., 2004b; Ryter et al., 2004). For example, in eukaryotes,
the transcription factor NPAS2, implicated in regulating circa-
dian rhythm, was shown to bind CO resulting in decreased
DNA-binding activity (Dioum et al., 2002). Likewise, the purple
photosynthetic bacterium Rhodospirillum rubrum expresses
a CO-binding transcription factor, CooA, that stimulates produc-
tion of a CO oxidation system (Aono et al., 2000; Roberts et al.,
2001; Youn et al., 2004). How is CO sensed? A common feature
shared by CO sensors is the presence of a protein-associated
heme moiety, which is not surprising given the propensity of
CO to bind heme (Roberts et al., 2004b). However, there is great
diversity in how the heme is protein bound and under what con-
ditions CO can bind heme.
Rather than use a single CO-binding transcription factor, our
data show that MTB sense CO via a two-component system
comprised of two sensors, DosS and DosT, and a single re-
sponse regulator, DosR. In this study, we demonstrate geneti-
cally that dosR is required for CO signaling and that either
dosS or dosT can transmit the dormancy signal mediated by
CO or NO at high concentrations. Kumar et al. also reported
that MTB can induce hspX and fdxA by CO, but their single
in vitro experiment was done using a high concentration of
a chemical COdonor, CORM-3. Furthermore, the precise amount
of CO delivered by the CO donor was unclear, in contrast to the
use of pure CO gas in our study. Moreover, they did not assess
whether the CO sensing was dependent on dosS or dosT (Kumar
et al., 2007). In contrast, we show that CO sensing occurs in vitroat physiologically relevant CO concentrations (as low as 20 ppm/
16 nM of CO) and that both DosS and DosT can transmit the
CO signal at high concentrations of CO. By carefully assessing
the CO response of individual mutants in dosS and dosT, we
also show that the sensors can differentially regulate the dor-
mancy regulon at physiologically relevant concentrations.
DosS has a 25-fold lower Kd for CO than DosT (0.036 mM versus
0.9 mM) while its Kd for NO is 4-fold higher (0.020 mM versus
0.005 mM) (Sousa et al., 2007). Interestingly, despite its higher
Kd for CO, DosT undergoes more rapid autophosphorylation in
the presence of CO thanDosS (Sousa et al., 2007). However, nei-
ther the affinities of DosS or DosT for DosR nor the kinetics of
phosphorylation and activation of DosR by active DosS or
DosT are known. Thus, in wild-type cells where both DosS and
DosT are present, we propose that at low CO concentrations,
DosT could bind DosR and maintain it in an inactive state. This
initial interaction of phosphorylated DosT with DosRmight atten-
uate the dormancy response by preventing DosS from binding to
and activating DosR. Thus, DosT could behave as a ‘‘low-
affinity’’ receptor for CO and an inhibitor of the CO-induced re-
sponse at physiologic CO concentrations. What happens in the
absence of DosT? Since the activity of DosS is maximal with
CO as its ligand (Sousa et al., 2007) and since DosS is autoin-
duced as part of the dormancy regulon, a feedback loop could
be rapidly established where unopposed binding of CO to
DosS results in increased expression of both DosS and DosR.
We also observed that the response to CO is both dose and
time dependent. Interestingly, the CO response differs from the
response to NO in that the effect of CO is long lasting (i.e., per-
sists for > 24 hr) while the NO effect is short lived (Voskuil
et al., 2003). Despite the fact that NO binding to the sensors
DosS and DosT is more avid than CO binding (Sousa et al.,
2007), the activation of the Dos regulon by NO is more transient,
likely owing to its greater chemical reactivity (i.e., NO that disso-
ciates from the heme of the Dos sensor can react with other
molecules) or its chemical conversion to nitrate over time.
Conversely, the persistent effect of CO suggests that MTB lacks
the ability to eradicate or remove CO once it is bound to the
heme group.
While our in vitro experiments demonstrate the feasibility of
CO sensing by MTB, our data from macrophage infections
demonstrates that CO sensing actually occurs inside macro-
phages. Using naive mouse macrophages or a mouse macro-
phage cell line, we show that genetic ablation or chemical inhi-
bition of macrophage heme oxygenase reduces CO-dependent
gene induction during infection. Interestingly, despite the pres-
ence of low amounts of NO, DosS and DosT signaling was
lost. Conversely, in NOS2-deficient macrophages, heme oxy-
genase activity alone was insufficient to trigger the dormancy
response. It is unclear why this would occur, but one possibility
is that lack of NOS2 activity reduces HO-1 activity, either
through a decrease in available heme or by increasing the asso-
ciation of HO-1 with its negative regulator, caveolin-1 (Kim et al.,
2004). An alternative possibility is that in vivo, the short-acting
gas NO ‘‘triggers’’ the activation of the dosS/T/R system while
the longer-acting gas CO ‘‘maintains’’ the activation state. In
sum, it appears that both NO and CO have redundant roles in
stimulating the MTB dormancy response during infection of
naive macrophages.Cell Host & Microbe 3, 323–330, May 2008 ª2008 Elsevier Inc. 327
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that during infection, exposure of DosS and/or DosT to CO,
NO, and hypoxia either sequentially or in combination stimulates
histidine kinase activity and activation of DosR (Figure S7).
Active DosR then converts the signal(s) into a transcriptional
response. Notably, other pulmonary pathogens including Pseu-
domonas aeruginosa, Bacillus anthracis, Bordetella spp., and
Nocardia spp. have histidine kinases with GAF domains. This
suggests that the ability to integrate several gaseous signals,
as illustrated by the combined activities of DosS and DosT,
may be a prevalent mechanism by which pathogens adapt and
respond to changes in the host immune status.
EXPERIMENTAL PROCEDURES
A detailed description of all procedures and protocols is available as Supple-
mental Data.
Bacterial Strains and Growth Conditions
The wild-type strain of MTB used in these studies was the Erdman strain ex-
cept in the experiments defining the role of DosS, DosT, and DosR. MTB
H37Rv served as the wild-type strain for the dosmutants described previously
(Roberts et al., 2004a; Sherman et al., 2001) that were kind gifts of David
Sherman (University of Washington, Seattle, WA).
Mouse Microarray
Mouse bone marrow-derived macrophages were infected at a multiplicity of
infection (moi) of 10, and RNA was harvested at various time points, amplified,
and hybridized to Mouse Exonic Evidence-Based Oligonucleotide (MEEBO)
arrays as previously described (Stanley et al., 2007).
Western Blotting
Macrophages were infected with MTB at an moi of 10. Twenty-four hours after
infection, macrophages were lysed in RIPA buffer, and the samples were
boiled for 20min. After transfer to nitrocellulose, HO-1was detected with poly-
clonal anti-HO-1 antibodies (Assay Designs-Stressgen) at 1:5000. Loading
controls were either anti-glucose-3-phosphate dehydrogenase (Chemicon
International) at 1:1000 or anti-b-tubulin (Cell Signaling Technology) at 1:1000.
Immunohistochemistry
BALB/c mice were infected through the lateral tail vein with 106 CFU MTB in
0.1 ml PBS. Ten days after infection, lung and liver were harvested, immersion
fixed in formalin overnight, embedded in paraffin, and sectioned at 5 mm. Sec-
tions were stained with polyclonal rabbit anti-HO antibody (Assay Designs-
Stressgen) at 1:130 at 4C. A peroxidase-based Vectastain ABC kit (Vector
laboratories) was used for detection.
Transcriptional Profiling of MTB In Vitro
MTB grown in roller bottles was exposed to CO gas (Airgas) in the headspace
or DETA-NO (Cayman Chemicals) in the growth media. Total RNA from myco-
bacterial cells was prepared as previously described (Voskuil et al., 2003).
Arrays were scanned using a GenePix 4000B scanner and GenePix PRO
version 6.0, and data were analyzed using Acuity 4.0 (Molecular Devices).
Statistically significant differences in gene expression were determined using
the Statistical Analysis of Microarrays software tool (SAM) version 2.23A with
a false discovery rate of 1%.
Mice and Macrophages
RAW 264.7 macrophages were from ATCC (Manassas, VA). BALB/c, C57BL/
6, and NOS2/ (Laubach et al., 1995) mice were from Jackson Labs. HO-1/
(Yet et al., 1999) mice were bred from heterozygote founders kindly provided
by Shaw-Fang Yet (Harvard Medical School, Boston, MA). Anupam Agarwal
(University of Alabama at Birmingham, Birmingham, AL) generously provided
HO-1/ femurs and tibias for preliminary macrophage experiments. Mice
were housed under specific pathogen-free conditions, and mouse experi-
ments were conducted using a University of California, San Francisco, Institu-328 Cell Host & Microbe 3, 323–330, May 2008 ª2008 Elsevier Inc.tional Animal Care and Use Committee-approved protocol. Bone marrow-
derived macrophages were isolated by culturing in medium containing 30%
L cell supernatant for 6 days in the absence of antibiotics.
Transcriptional Profiling of MTB Growing with Macrophages
MTB RNA from inside macrophages was isolated and amplified according to
a method described by Rohde et al. (Rohde et al., 2007). Tin protoporphyrin
(Frontier Scientific, Logan, UT) was dissolved in 0.1 M NaOH, titrated to
pH 7.4, and then added to macrophage cultures at a final concentration of
50 mM, a concentration known to inhibit HO-1 (Kampfer et al., 2001; Oh
et al., 2006).
Quantitative PCR
For quantitative PCR (qPCR) of MTB genes growing in vitro, RNA was pre-
pared as described above and reverse transcribed into cDNA. qPCR used
the primers shown in Table S1 and were normalized to 16S RNA values. For
qPCR of MTB genes from infected macrophages, aRNA was prepared as
above, but dUTP was exchanged for amino-allyl dUTP. aRNA was then used
as template for cDNA synthesis.
Statistical Analysis
For quantitative PCR experiments, one-way analysis of variance was per-
formed to determine overall significance, followed by the Bonferroni multiple
comparison test to compare individual means usingGraphPad InStat Software
(Graphpad Software, Inc., San Diego, CA). For microarrays, statistically signif-
icant differences in gene expression were determined using the Statistical
Analysis of Microarrays software tool (SAM) version 2.23A with a false discov-
ery rate of 1%.
ACCESSION NUMBERS
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(GSE10897).
SUPPLEMENTAL DATA
The Supplemental Data include Supplemental Experimental Procedures,
seven supplemental figures, and one supplemental table and can be found
with this article online at http://www.cellhostandmicrobe.com/cgi/content/
full/3/5/323/DC1/.
ACKNOWLEDGMENTS
We thank D. Marciano for immunohistochemistry and for critical review of the
manuscript, J. Allen and S. Batra for microarray processing, S. Stanley for
mouse infection, and S. Raghavan for mouse microarrays. We thank D. Sher-
man, S.-F. Yet, A. Agarwal and K. McDonough for reagents.We thank S. John-
son for critical reading of this manuscript, and G. King, members of the Cox
laboratory and Anita Sil laboratory for helpful discussion. This investigation
was supported by an A.P. Giannini Family Foundation Fellowship to M.U.S.,
by a Sandler Program in Basic Sciences Opportunity Award to J.S.C., and
by NIH grants AI63302 and AI51667. J.S.C gratefully acknowledges the sup-
port of the W.M. Keck Foundation.
Received: December 18, 2007
Revised: February 19, 2008
Accepted: March 26, 2008
Published: May 14, 2008
REFERENCES
Alcaraz, M.J., Habib, A., Creminon, C., Vicente, A.M., Lebret, M., Levy-Tole-
dano, S., and Maclouf, J. (2001). Heme oxygenase-1 induction by nitric oxide
in RAW 264.7 macrophages is upregulated by a cyclo-oxygenase-2 inhibitor.
Biochim. Biophys. Acta 1526, 13–16.
Cell Host & Microbe
CO Sensing by Mycobacterium tuberculosisAono, S., Honma, Y., Ohkubo, K., Tawara, T., Kamiya, T., and Nakajima, H.
(2000). CO sensing and regulation of gene expression by the transcriptional
activator CooA. J. Inorg. Biochem. 82, 51–56.
Archakov, A.I., Karuzina, I.I., Petushkova, N.A., Lisitsa, A.V., and Zgoda, V.G.
(2002). Production of carbon monoxide by cytochrome P450 during iron-
dependent lipid peroxidation. Toxicol. In Vitro 16, 1–10.
Ascenzi, P., Bocedi, A., Leoni, L., Visca, P., Zennaro, E., Milani, M., and Bolog-
nesi, M. (2004). CO sniffing through heme-based sensor proteins. IUBMB Life
56, 309–315.
Boon, C., and Dick, T. (2002). Mycobacterium bovis BCG response regulator
essential for hypoxic dormancy. J. Bacteriol. 184, 6760–6767.
Chauveau, C., Remy, S., Royer, P.J., Hill, M., Tanguy-Royer, S., Hubert, F.X.,
Tesson, L., Brion, R., Beriou, G., Gregoire,M., et al. (2005). Heme oxygenase-1
expression inhibits dendritic cell maturation and proinflammatory function but
conserves IL-10 expression. Blood 106, 1694–1702.
Desjardin, L.E., Hayes, L.G., Sohaskey, C.D., Wayne, L.G., and Eisenach, K.D.
(2001). Microaerophilic induction of the alpha-crystallin chaperone protein ho-
mologue (hspX) mRNA of Mycobacterium tuberculosis. J. Bacteriol. 183,
5311–5316.
Dioum, E.M., Rutter, J., Tuckerman, J.R., Gonzalez, G., Gilles-Gonzalez, M.A.,
and McKnight, S.L. (2002). NPAS2: A gas-responsive transcription factor.
Science 298, 2385–2387.
Fenhalls, G., Stevens, L., Moses, L., Bezuidenhout, J., Betts, J.C., Helden Pv,
P., Lukey, P.T., and Duncan, K. (2002a). In situ detection of Mycobacterium
tuberculosis transcripts in human lung granulomas reveals differential gene
expression in necrotic lesions. Infect. Immun. 70, 6330–6338.
Fenhalls, G., Stevens-Muller, L., Warren, R., Carroll, N., Bezuidenhout, J.,
Van Helden, P., and Bardin, P. (2002b). Localisation of mycobacterial DNA
and mRNA in human tuberculous granulomas. J. Microbiol. Methods 51,
197–208.
Florczyk, M.A., McCue, L.A., Stack, R.F., Hauer, C.R., and McDonough, K.A.
(2001). Identification and characterization of mycobacterial proteins differen-
tially expressed under standing and shaking culture conditions, including
Rv2623 from a novel class of putative ATP-binding proteins. Infect. Immun.
69, 5777–5785.
Gilles-Gonzalez, M.A., and Gonzalez, G. (2005). Heme-based sensors: Defin-
ing characteristics, recent developments, and regulatory hypotheses. J. Inorg.
Biochem. 99, 1–22.
Gomez, J.E., and McKinney, J.D. (2004).M. tuberculosis persistence, latency,
and drug tolerance. Tuberculosis (Edinb.) 84, 29–44.
Hu, Y., Movahedzadeh, F., Stoker, N.G., and Coates, A.R. (2006). Deletion of
the Mycobacterium tuberculosis alpha-crystallin-like hspX gene causes
increased bacterial growth in vivo. Infect. Immun. 74, 861–868.
Ingi, T., Chiang, G., and Ronnett, G.V. (1996). The regulation of heme turnover
and carbon monoxide biosynthesis in cultured primary rat olfactory receptor
neurons. J. Neurosci. 16, 5621–5628.
Ioanoviciu, A., Yukl, E.T., Moenne-Loccoz, P., and de Montellano, P.R. (2007).
DevS, a heme-containing two-component oxygen sensor of Mycobacterium
tuberculosis. Biochemistry 46, 4250–4260.
Kampfer, H., Kolb, N., Manderscheid, M., Wetzler, C., Pfeilschifter, J., and
Frank, S. (2001). Macrophage-derived heme-oxygenase-1: Expression, regu-
lation, and possible functions in skin repair. Mol. Med. 7, 488–498.
Kendall, S.L., Movahedzadeh, F., Rison, S.C., Wernisch, L., Parish, T., Dun-
can, K., Betts, J.C., and Stoker, N.G. (2004a). TheMycobacterium tuberculosis
dosRS two-component system is induced by multiple stresses. Tuberculosis
(Edinb.) 84, 247–255.
Kendall, S.L., Rison, S.C., Movahedzadeh, F., Frita, R., and Stoker, N.G.
(2004b). What do microarrays really tell us about M. tuberculosis? Trends
Microbiol. 12, 537–544.
Kim, H.P., Wang, X., Galbiati, F., Ryter, S.W., and Choi, A.M. (2004). Caveolae
compartmentalization of heme oxygenase-1 in endothelial cells. FASEB J. 18,
1080–1089.Kumar, A., Toledo, J.C., Patel, R.P., Lancaster, J.R., Jr., and Steyn, A.J. (2007).
Mycobacterium tuberculosis DosS is a redox sensor and DosT is a hypoxia
sensor. Proc. Natl. Acad. Sci. USA 104, 11568–11573.
Laubach, V.E., Shesely, E.G., Smithies, O., and Sherman, P.A. (1995). Mice
lacking inducible nitric oxide synthase are not resistant to lipopolysaccharide-
induced death. Proc. Natl. Acad. Sci. USA 92, 10688–10692.
Lighthart, B. (1973). Survival of airborne bacteria in a high urban concentration
of carbon monoxide. Appl. Microbiol. 25, 86–91.
Maines, M.D. (2004). The heme oxygenase system: Past, present, and future.
Antioxid. Redox Signal. 6, 797–801.
Malhotra, V., Sharma, D., Ramanathan, V.D., Shakila, H., Saini, D.K.,
Chakravorty, S., Das, T.K., Li, Q., Silver, R.F., Narayanan, P.R., and Tyagi, J.S.
(2004). Disruption of response regulator gene, devR, leads to attenuation in
virulence ofMycobacterium tuberculosis. FEMSMicrobiol. Lett. 231, 237–245.
Nathan, C. (2006). Role of iNOS in human host defense. Science 312,
1874–1875.
Nobre, L.S., Seixas, J.D., Romao, C.C., and Saraiva, L.M. (2007). The antimi-
crobial action of carbon monoxide releasing compounds. Antimicrob. Agents
Chemother. 51, 4303–4307.
Oh, G.S., Pae, H.O., Lee, B.S., Kim, B.N., Kim, J.M., Kim, H.R., Jeon, S.B.,
Jeon,W.K., Chae, H.J., and Chung, H.T. (2006). Hydrogen sulfide inhibits nitric
oxide production and nuclear factor-kappaB via heme oxygenase-1 expres-
sion in RAW264.7 macrophages stimulated with lipopolysaccharide. Free
Radic. Biol. Med. 41, 106–119.
Ohno, H., Zhu, G., Mohan, V.P., Chu, D., Kohno, S., Jacobs, W.R., Jr., and
Chan, J. (2003). The effects of reactive nitrogen intermediates on gene expres-
sion in Mycobacterium tuberculosis. Cell. Microbiol. 5, 637–648.
Pae, H.O., Oh, G.S., Choi, B.M., Chae, S.C., and Chung, H.T. (2003). Differen-
tial expressions of heme oxygenase-1 gene in CD25- and CD25+ subsets of
human CD4+ T cells. Biochem. Biophys. Res. Commun. 306, 701–705.
Parish, T., Smith, D.A., Kendall, S., Casali, N., Bancroft, G.J., and Stoker, N.G.
(2003). Deletion of two-component regulatory systems increases the virulence
of Mycobacterium tuberculosis. Infect. Immun. 71, 1134–1140.
Purkayastha, A., McCue, L.A., and McDonough, K.A. (2002). Identification of
a Mycobacterium tuberculosis putative classical nitroreductase gene whose
expression is coregulated with that of the acr aene within macrophages, in
standing versus shaking cultures, and under low oxygen conditions. Infect.
Immun. 70, 1518–1529.
Ricagno, S., de Rosa, M., Aliverti, A., Zanetti, G., and Bolognesi, M. (2007). The
crystal structure of FdxA, a 7Fe ferredoxin from Mycobacterium smegmatis.
Biochem. Biophys. Res. Commun. 360, 97–102.
Roberts, D.M., Liao, R.P., Wisedchaisri, G., Hol, W.G., and Sherman, D.R.
(2004a). Two sensor kinases contribute to the hypoxic response of Mycobac-
terium tuberculosis. J. Biol. Chem. 279, 23082–23087.
Roberts, G.P., Thorsteinsson, M.V., Kerby, R.L., Lanzilotta, W.N., and Poulos,
T. (2001). CooA: A heme-containing regulatory protein that serves as a specific
sensor of both carbonmonoxide and redox state. Prog. Nucleic Acid Res. Mol.
Biol. 67, 35–63.
Roberts, G.P., Youn, H., and Kerby, R.L. (2004b). CO-Sensing mechanisms.
Microbiol. Mol. Biol. Rev. 68, 453–473.
Rohde, K.H., Abramovitch, R.B., and Russell, D.G. (2007). Mycobacterium
tuberculosis invasion of macrophages: Linking bacterial gene expression to
environmental cues. Cell Host Microbe 2, 352–364.
Rustad, T.R., Harrell, M.I., Liao, R., and Sherman, D.R. (2008). The enduring
hypoxic response of Mycobacterium tuberculosis. PLoS ONE 3, e1502.
10.1371/journal.pone.0001502.
Ryter, S.W., Morse, D., and Choi, A.M. (2004). Carbon monoxide: To boldly go
where NO has gone before. Sci. STKE 2004, RE6.
Saini, D.K., Malhotra, V., Dey, D., Pant, N., Das, T.K., and Tyagi, J.S. (2004).
DevR-DevS is a bona fide two-component system of Mycobacterium tubercu-
losis that is hypoxia-responsive in the absence of the DNA-binding domain of
DevR. Microbiology 150, 865–875.Cell Host & Microbe 3, 323–330, May 2008 ª2008 Elsevier Inc. 329
Cell Host & Microbe
CO Sensing by Mycobacterium tuberculosisSardiwal, S., Kendall, S.L., Movahedzadeh, F., Rison, S.C., Stoker, N.G., and
Djordjevic, S. (2005). A GAF domain in the hypoxia/NO-inducible Mycobacte-
rium tuberculosis DosS protein binds haem. J. Mol. Biol. 353, 929–936.
Schnappinger, D., Ehrt, S., Voskuil, M.I., Liu, Y., Mangan, J.A., Monahan, I.M.,
Dolganov, G., Efron, B., Butcher, P.D., Nathan, C., and Schoolnik, G.K. (2003).
Transcriptional Adaptation of Mycobacterium tuberculosis within Macro-
phages: Insights into the Phagosomal Environment. J. Exp. Med. 198, 693–
704.
Sharma, D., Bose, A., Shakila, H., Das, T.K., Tyagi, J.S., and Ramanathan, V.D.
(2006). Expression of mycobacterial cell division protein, FtsZ, and dormancy
proteins, DevR and Acr, within lung granulomas throughout guinea pig infec-
tion. FEMS Immunol. Med. Microbiol. 48, 329–336.
Sherman, D.R., Voskuil, M., Schnappinger, D., Liao, R., Harrell, M.I., and
Schoolnik, G.K. (2001). Regulation of theMycobacterium tuberculosis hypoxic
response gene encoding alpha -crystallin. Proc. Natl. Acad. Sci. USA 98,
7534–7539.
Sjostrand, T. (1951). Endogenous formation of carbon monoxide; the CO con-
centration in the inspired and expired air of hospital patients. Acta Physiol.
Scand. 22, 137–141.
Slebos, D.J., Ryter, S.W., and Choi, A.M. (2003). Heme oxygenase-1 and
carbon monoxide in pulmonary medicine. Respir. Res. 4, 7.
Sohaskey, C.D., and Wayne, L.G. (2003). Role of narK2X and narGHJI in
hypoxic upregulation of nitrate reduction by Mycobacterium tuberculosis. J.
Bacteriol. 185, 7247–7256.
Sousa, E.H., Tuckerman, J.R., Gonzalez, G., and Gilles-Gonzalez, M.A. (2007).
DosT and DevS are oxygen-switched kinases in Mycobacterium tuberculosis.
Protein Sci. 16, 1708–1719.
Stanley, S.A., Johndrow, J.E., Manzanillo, P., and Cox, J.S. (2007). The Type I
IFN response to infection with Mycobacterium tuberculosis requires ESX-
1-mediated secretion and contributes to pathogenesis. J. Immunol. 178,
3143–3152.
Tailleux, L., Waddell, S.J., Pelizzola, M., Mortellaro, A., Withers, M., Tanne, A.,
Castagnoli, P.R., Gicquel, B., Stoker, N.G., Butcher, P.D., et al. (2008). Probing
host pathogen cross-talk by transcriptional profiling of both mycobacterium
tuberculosis and infected human dendritic cells and macrophages. PLoS
ONE 3, e1403. 10.1371/journal.pone.0001403.
Talaat, A.M., Lyons, R., Howard, S.T., and Johnston, S.A. (2004). The temporal
expression profile of Mycobacterium tuberculosis infection in mice. Proc. Natl.
Acad. Sci. USA 101, 4602–4607.
Timm, J., Post, F.A., Bekker, L.G.,Walther, G.B.,Wainwright, H.C., Manganelli,
R., Chan,W.T., Tsenova, L., Gold, B., Smith, I., et al. (2003). Differential expres-
sionof iron-, carbon-, andoxygen-responsivemycobacterial genes in the lungs
of chronically infected mice and tuberculosis patients. Proc. Natl. Acad. Sci.
USA 100, 14321–14326.330 Cell Host & Microbe 3, 323–330, May 2008 ª2008 Elsevier Inc.Tsai, M.C., Chakravarty, S., Zhu, G., Xu, J., Tanaka, K., Koch, C., Tufariello, J.,
Flynn, J., and Chan, J. (2006). Characterization of the tuberculous granuloma
in murine and human lungs: Cellular composition and relative tissue oxygen
tension. Cell. Microbiol. 8, 218–232.
Vicente, A.M., Guillen, M.I., and Alcaraz, M.J. (2001). Modulation of haem
oxygenase-1 expression by nitric oxide and leukotrienes in zymosan-activated
macrophages. Br. J. Pharmacol. 133, 920–926.
Voskuil, M.I., Schnappinger, D., Visconti, K.C., Harrell, M.I., Dolganov, G.M.,
Sherman, D.R., and Schoolnik, G.K. (2003). Inhibition of respiration by nitric
oxide induces a Mycobacterium tuberculosis dormancy program. J. Exp.
Med. 198, 705–713.
Voskuil, M.I., Visconti, K.C., and Schoolnik, G.K. (2004). Mycobacterium
tuberculosis gene expression during adaptation to stationary phase and
low-oxygen dormancy. Tuberculosis (Edinb.) 84, 218–227.
Wald, N.J., Idle, M., Boreham, J., and Bailey, A. (1981). Carbon monoxide in
breath in relation to smoking and carboxyhaemoglobin levels. Thorax 36,
366–369.
Wang, C.H., Liu, C.Y., Lin, H.C., Yu, C.T., Chung, K.F., and Kuo, H.P. (1998).
Increased exhaled nitric oxide in active pulmonary tuberculosis due to induc-
ible NO synthase upregulation in alveolar macrophages. Eur. Respir. J. 11,
809–815.
Wayne, L.G., and Sohaskey, C.D. (2001). Nonreplicating persistence of
mycobacterium tuberculosis. Annu. Rev. Microbiol. 55, 139–163.
Weigel, P.H., and Englund, P.T. (1975). Inhibition of DNA replication in Escher-
ichia coli by cyanide and carbon monoxide. J. Biol. Chem. 250, 8536–8542.
Wu, L., and Wang, R. (2005). Carbon monoxide: Endogenous production,
physiological functions, and pharmacological applications. Pharmacol. Rev.
57, 585–630.
Yet, S.F., Perrella, M.A., Layne, M.D., Hsieh, C.M., Maemura, K., Kobzik, L.,
Wiesel, P., Christou, H., Kourembanas, S., and Lee, M.E. (1999). Hypoxia in-
duces severe right ventricular dilatation and infarction in heme oxygenase-1
null mice. J. Clin. Invest. 103, R23–R29.
Youn, H., Kerby, R.L., Conrad, M., and Roberts, G.P. (2004). Functionally crit-
ical elements of CooA-related CO sensors. J. Bacteriol. 186, 1320–1329.
Yukl, E.T., Ioanoviciu, A., de Montellano, P.R., and Moenne-Loccoz, P. (2007).
Interdomain interactions within the two-component heme-based sensor DevS
from Mycobacterium tuberculosis. Biochemistry 46, 9728–9736.
Zhou, H., Lu, F., Latham, C., Zander, D.S., and Visner, G.A. (2004). Heme
oxygenase-1 expression in human lungs with cystic fibrosis and cytoprotec-
tive effects against Pseudomonas aeruginosa in vitro. Am. J. Respir. Crit.
Care Med. 170, 633–640.
